Purpose: The objective of the present review is to provide an overview of the available clinical and preclinical data supporting the existence of an ''inflammatory penumbra'' in ischemic stroke. Findings: Recent data from clinical trials suggest the existence of an inflammatory area at risk, surrounding the initial ischemic lesion and secondarily infiltrated by lymphocytes, that is ultimately recruited by the ischemic core: called the ''inflammatory penumbra.'' Experimental results support this concept. Lymphocytes, especially T-cells, enter the brain in the perilesional area in a vascular-cell adhesion molecule-1 dependent manner and participate in delayed neuronal cell death. Methods: For writing this review, we used the more recent publications in the field, including the preclinical and clinical studies. We have also used our own experise in the field of in vivo imaging of inflammatory processes. Discussion: Consequently, the intensity of the inflammatory reaction and the size of the inflammatory penumbra may vary considerably in patients, as it is the case in experimental stroke models in mice. By analogy with the ischemic penumbra of the acute phase of stroke, this secondary inflammatory penumbra represents a therapeutic opportunity during the subacute phase of stroke. Large clinical trials that target lymphocyte trafficking are currently taking place. However, to improve the benefit of such therapeutic strategies, adequate patient selection may be mandatory. Conclusion: In this context, innovative imaging methods including magnetic resonance imaging of adhesion molecules may contribute to noninvasively detect this inflammatory penumbra and thus to select patients eligible for such therapy.
Introduction
Acute ischemic stroke is caused by the sudden occlusion of a cerebral artery, leading to the progressive infarction of the brain and subsequent neurological deficits. 1 During the first hours after ischemic onset, the affected brain tissue is classically divided in three regions: (i) an ischemic core, where the brain is definitively infarcted; (ii) a region at risk, called the ''ischemic penumbra,'' which will be ultimately recruited by the ischemic core if no reperfusion occurs; (iii) a region of oligemia, which presents a reduction in blood flow that is not sufficient to result in brain infarction. 2 Along with the elapsed time after stroke onset, the ischemic core will grow and progressively recruit the ischemic penumbra, leading to the concept of ''time is brain'': the sooner arterial recanalization is obtained, the smaller is the volume of definitively infarcted brain tissue and the better is the neurological outcome. 3 Thus, a few hours after stroke (<24 h), it is currently considered that the therapeutic window for reperfusion therapy is over since the whole ischemic penumbra has been recruited by the ischemic core.
Interestingly, longitudinal evaluation of ischemic lesion size demonstrated significant lesion growth occurring between 24 h and seven days poststroke onset in both preclinical studies and humans. [4] [5] [6] [7] Notably, unlike the ischemic penumbra that is rescued by a rapid reperfusion, the secondary lesion growth can be prevented by immunomodulatory treatments. Indeed, a growing body of evidence suggests that the effectors of this secondary brain damage are cytotoxic T-cells. 8, 9 Therefore, the brain region recruited by the ischemic core in the subacute phase (>24 h) of ischemic stroke may represent a secondary inflammatory area, potentially salvaged by blockade of lymphocyte entry into the brain: the ''inflammatory penumbra.'' 5, 10 This observation offers new opportunities for therapeutic intervention aiming at improving ischemic stroke outcome. Thus, in analogy with the ischemic penumbra defined by a hypoperfused area potentially salvageable, the objective of the present review is to provide an overview of the current clinical and preclinical data supporting the existence of this ''inflammatory penumbra'' in acute stroke (Figure 1 ), salvageable with anti-inflammatory strategies.
Clinical trial evidence for a beneficial effect of lymphocyte blockade in ischemic stroke
Studies on the role of inflammation in acute ischemic stroke were initially focused on the reperfusion phase. Inflammatory cells, such as neutrophils, monocytes, and lymphocytes, are able to interact with brain endothelial cells after reperfusion by binding to adhesion molecules, leading to brain inflammation and subsequent neuronal damage. However, initial attempts to use anti-inflammatory treatments in acute ischemic stroke failed. 11 One of the first trial of antileukocyte treatment to blunt inflammation-related neuronal damage was the enlimomab trial, which evaluated the use of an anti-ICAM-1 (intercellular adhesion molecule-1) antibody to improve stroke outcome. 12 Within 6 h of stroke onset, 625 patients with ischemic stroke were randomized to receive either enlimomab (n ¼ 317) or placebo (n ¼ 308) over five days. At day 90, the neurological outcome was worse in patients treated with enlimomab compared to placebo. Of note, there were significantly more adverse events, especially infections and fever, with enlimomab than with placebo, suggesting off-target effects of enlimomab that may have blunted the putative beneficial effects of ICAM-1 blockade in this trial (possibly related to the murine nature of the antibody).
More recently, the immunomodulatory drug fingolimod was evaluated in two small stroke trials. 6, 7 Fingolimod acts via sequestration of circulating mature lymphocytes in the lymph nodes. 13 In an open-label, evaluator-blinded, parallel-group clinical pilot trial, 22 patients were recruited and placed into two groups: control group (standard treatment adhering to current American Heart Association guidelines) or fingolimod group (standard treatment plus fingolimod). 7 Patients in each group were matched according to clinical and imaging characteristics. In the fingolimod group, each patient received 0.5 mg of the drug orally, once daily, for three consecutive days. The onset to treatment time was larger than in most recent clinical trials and patients were included up to 72 h after symptoms onset. One of the most interesting findings of this small trial was that the enlargement of the lesion size, as assessed by magnetic resonance imaging (MRI), was more restrained between baseline and day 7 in fingolimod-treated patients than in controls (þ9 ml versus þ27 ml). The authors also monitored the dynamics of lymphocyte subsets in the blood during fingolimod treatment. Interestingly, statistically Figure 1 . The inflammatory penumbra concept after ischemic stroke. significant effects of fingolimod on blood lymphocyte counts were mostly obtained after three days of treatment, suggesting that its beneficial effects are not obtained during the acute phase (0-24 h), but rather during the subacute phase of ischemic stroke (24 h to seven days).
The second trial investigating fingolimod as an ischemic stroke treatment was a randomized, open-label, evaluator-blind, multicenter pilot trial performed between 2013 and 2015 at three stroke centers in China. 6 All patients included in this trial benefited from intravenous (IV) thrombolysis using tissuetype plasminogen activator (tPA). Forty-seven patients were randomized to receive either tPA or tPA þ fingolimod in the first 4.5 h after stroke onset. All patients had intracranial occlusion in the anterior cerebral or middle cerebral arteries, as detected by MRI. In line with the previous trial results, fingolimod-treated patients presented smaller infarct volume expansion, smaller hemorrhage volume, and greater clinical improvement over the course of the study. In particular, a remarkable restriction in lesion growth between 24 h and seven days was observed in patients who received fingolimod, compared to control patients (À2.3 ml versus þ12.1 ml).
These recent studies provide evidence that the lesion size after ischemic stroke increases during at least seven days after symptom onset, and that fingolimod treatment prevents this secondary infarct growth. The reduced circulating lymphocyte count in fingolimodtreated patients suggests that fingolimod reduces secondary infarct expansion by preventing lymphocyte entry in the injured brain.
Preclinical trial evidence for a beneficial effect of lymphocyte blockade in ischemic stroke
In preclinical studies, more specific tools than fingolimod treatment can be used to investigate the role of lymphocytes during the subacute stage of ischemic stroke. Indeed, lymphocyte entry in the injured brain is dependent on the interaction between CD49d, an integrin expressed by circulating lymphocytes, and vascular cell adhesion molecule 1 (VCAM-1), an adhesion molecule expressed by activated endothelial cells. 14 Accordingly, blockade of CD49d/ VCAM-1 interaction by natalizumab, an anti-CD49d monoclonal antibody, has been shown to reduce relapse rate in multiple sclerosis patients by blocking lymphocyte trafficking into the brain. 15 Therefore, blockade of CD49d offers an interesting tool to study the role of infiltrated lymphocytes on neuronal death during ischemic stroke.
Several studies have investigated the use of anti-CD49d antibodies (natalizumab-like) in experimental models of acute ischemic stroke and demonstrated beneficial effects on lesion size and neurological outcome at early time points (24 h poststroke onset). However, these beneficial effects failed to be reproduced in more recent preclinical studies. 16, 17 This lack of reproducibility of preclinical results dramatically reduces the predictive value of preclinical data, although it is not restricted to the stroke field. 18 To improve the value of preclinical research, a recent call was made to perform phase III preclinical trials, involving large number of animals and a controlled, randomized, blinded, multicenter trial design. 19 Recently, the first phase III preclinical trial has been published. 17 Of note, this trial investigated the efficiency of CD49d blockade on stroke outcome in mice.
In this phase III preclinical trial, two different models of ischemic stroke were used to address potential pathophysiological differences among commonly used stroke models: transient middle cerebral artery occlusion (tMCAo) using transient mechanical vascular occlusion (TMVO) and permanent middle cerebral artery occlusion (pMCAo). The primary outcome was ischemic lesion size at day 4 (tMCAo) or day 7 (pMCAo). Randomized mice received either a monoclonal anti-CD49d antibody (300 mg, 3 h after stroke onset) or an isotype-matched, control immunoglobulin. In the pMCAo model, anti-CD49d treatment resulted in 19% smaller infarct volumes seven days after stroke onset. These results, obtained during a study with clinical trial-like standards, confirm the deleterious role of infiltrated lymphocytes in the first seven days after stoke onset. In contrast, no statistically significant difference in lesion size was observed in the tMCAo model, despite the use of $50 animals per group. This discrepancy between the two models may be explained by the stronger inflammatory reaction taking place in the brain after pMCAo than after tMCAo. 20 Moreover, recent evidence suggests that TMVO models (such as the mouse tMCAo model) display a pathophysiology different from pMCAo models. 21, 22 Overall, this phase III preclinical trial provides strong evidence in mice that blockade of lymphocyte entry into the brain prevents ischemic lesion growth after stroke induced by pMCAo.
The inflammatory penumbra: A plausible hypothesis?
The pathophysiological basis supporting the use of anti-CD49d antibodies to prevent delayed lesion growth after ischemic stroke came from a study published by Liesz and coworkers in 2011. 5 The authors observed in a pMCAo model in mice that blockade of lymphocyte entry into the brain using anti-CD49d antibodies allows reducing the lesion size seven days after stroke onset. Interestingly, the lesion size did not differ between anti-CD49d treated and control mice at 24 h after stroke onset, suggesting that the beneficial effects of lymphocyte diapedesis blockade are only evident during the subacute phase of ischemic stroke. This delayed deleterious role of lymphocytes (especially T-cells) has to be distinguished from their early deleterious role described mostly in TMVO models and related to thrombo-inflammation. 23 As assessed by immunohistochemistry, the localization of T-cells in the brain after pMCAo was rather surprising: they were predominantly located in the peri-infarct zone, where viable cells (including neurons) were still present. Therefore, these data suggested that T-cells, in the subacute phase of ischemic stroke, are able to infiltrate the peri-infarct regions and trigger a delayed and inflammation-related expansion of the initial lesion. To further test this hypothesis, Liesz and coworkers performed the same pMCAo model but this time, using mice with perforin-deficient T-cells (perforin is one of the key effector mechanism of T-cells to trigger cell death). Interestingly, these transgenic mice presented smaller lesion size at day 7 after stroke onset and did not benefit anymore from anti-CD49d treatment. The same results were obtained in mice in which interferon gamma (IFN-g, another T-cell effector) was neutralized by injection of specific monoclonal antibodies in the cerebrospinal fluid. The role of Fas/Fas ligand, another key T-cell effector, remains to be investigated.
Instead of directly acting on T-cells, several studies suggested that their deleterious effects can be modulated by targeting regulatory T-cells, a subpopulation of T-cells which has anti-inflammatory properties. For instance, mice with depleted regulatory T-cells presented a dramatically larger lesion growth between 24 h and seven days poststroke onset than control mice. 4 Conversely, amplification of regulatory T-cells using a CD28 superagonist reduces brain damage after ischemic stroke in mice (pMCAo). 24 Therefore, the fate of the inflammatory penumbra seems to be dependent on a balance between T-cells and their regulatory counterparts, the regulatory T-cells.
Altogether, these experimental results support the existence of an inflammatory penumbra that is set up during the subacute stage of ischemic stroke, allowing the diapedesis of T-cells in intact brain regions, where they trigger neuronal cell death by at least to different mechanisms: direct cytotoxicity by perforin secretion and IFN-g secretion. Regulatory T-cells seem to play an important role in this process by partially preventing T-cell-mediated damages (Figure 2 ). Is it possible to image the inflammatory penumbra?
According to the inflammatory penumbra hypothesis, there are intact brain areas in the subacute phase of ischemic stroke that support T-cell entry into the brain. Therefore, these areas present all the machinery necessary for T-cell diapedesis, including the expression of adhesion molecules by brain endothelial cells. The ability to noninvasively detect endothelial cellassociated VCAM-1, which is key for T-cell diapedesis, could therefore be a mean to measure the inflammatory penumbra: since the inflammatory penumbra presents intact brain tissue, there should be a mismatch between the infarcted area (easily detectable by T2-weighted or diffusion-weighted MRI) and VCAM-1 positive area. This mismatch should reveal the inflammatory penumbra.
However, high resolution molecular MRI requires contrast agents with very good sensitivity. The development of such imaging methods benefited from the discovery of a new family of contrast agents, called microsized particles of iron oxide (MPIO, presenting diameters of 1-4 mm), that present the particularity of conveying a very large payload of superparamagnetic atoms (iron oxide). 25 Thanks to this high iron oxide content, MPIOs appear as large signal voids (diameter of $50 mm) on T2*-weighted MRI, a commonly used MRI sequence to detect hemorrhages. 26 Using appropriate MPIO conjugation methods, it is possible to target them to specific molecules using antibodies, peptides, proteins, or any other targeting moiety. We demonstrated the ability of MPIO directed against VCAM-1 (MPIO-aVCAM-1) to reveal areas of brain inflammation in a number of experimental models, including experimental autoimmune encephalomyelitis, sepsis, intra-striatal lipopolysaccharide (LPS) injection, diabetes mellitus, aging, and Alzheimer disease with an unprecedented sensitivity. 10, 27, 28 Moreover, we performed molecular imaging of VCAM-1 using MPIO-aVCAM-1 in ischemic stroke models in mice. 10 In two pMCAo models (electrocoagulation and ferric-chloride-induced thrombosis of the middle cerebral artery), 24 h after ischemic onset, we demonstrated that the peri-infarct areas (as visualized on T2-weighted images) present high levels of VCAM-1 expression. In line with the inflammatory penumbra hypothesis, these VCAM-1þ areas were progressively recruited by the ischemic core between 24 h and seven days poststroke onset, as assessed by longitudinal MRI. Interestingly, whereas this VCAM-1 overexpression was strong and sustained in pMCAo models, it was milder and transient in two tMCAo stroke models (thrombin-induced tMCAo and transient mechanical compression of the middle cerebral artery). In fact, there was no inflammatory penumbra in tMCAo model, contrasting with the common view that reperfusion potentiates brain inflammation. Accordingly, there was no secondary lesion growth during the subacute phase in these models. These results support the findings of the phase III preclinical trial where anti-CD49d treatment failed to influence lesion size at seven days in a tMCAo model. 17 Moreover, they support the use of molecular imaging strategies to select individuals with stroke that may benefit from immunomodulatory treatment.
Importantly, inflammation-directed therapy may have the ability to impact the size of the inflammatory penumbra, as revealed by VCAM-1 molecular imaging. For instance, high doses of statins (atorvastatin, 80 mg/kg) reduced VCAM-1 expression as assessed by molecular MRI and partially prevented delayed lesion growth in a pMCAo model. 10 The same effect was observed when mice were treated with a Cox-2 inhibitor (celecoxib). 10 Interestingly, thrombolysis also influences VCAM-1 expression after stroke: in the thrombin-induced tMCAO model, early treatment with tPA (10 mg/kg) was able to reduce both ischemic lesion size and VCAM-1 expression at 24 h poststroke onset. However, the effect of late thrombolysis on VCAM-1 expression remains to be investigated, especially since tPA displays proinflammatory properties when injected beyond its ideal therapeutic window. 29 The downside of immunomodulation in ischemic stroke
Although blockade of lymphocyte entry into the brain and immunomodulatory treatments may improve the fate of the affected brain tissue after ischemic stroke, it also carries the risk of promoting infections. Among the most feared infections after stroke is pneumonia, which is promoted by poststroke immunodepression. The mechanisms driving immunodepression after brain injury are yet not fully understood. 30, 31 Notably, the occurrence of pneumonia after stroke deteriorates clinical outcome, arguing for caution in the use of immunomodulatory treatments in the acute and subacute phases. 32 Regarding the effect of fingolimod on poststroke infections, an experimental study suggested that fingolimod does not significantly increase the risk of pneumonia, as assessed by measuring bacterial colonization in the lung of ischemic stroke mice after fingolimod treatment. 33 Anti-CD49d antibodies (natalizumab in humans) have been more widely studied on this regard, especially in multiple sclerosis patients. 34 Chronic natalizumab administration is associated with an increased rate of urinary and pulmonary infections, as well as a low risk of progressive multifocal leukoencephalopathy, a rare and potentially fatal neurologic disease caused by reactivation of JC virus infection. In the context of an acute treatment for ischemic stroke, it is however likely that the risk of infection-related side effects will be lower than in chronically treated patients.
Another concern regarding lymphocyte blockade is the potential beneficial role of leukocytes on poststroke rehabilitation, which could be reduced by inhibiting their entry into the brain. For instance, there is experimental evidence that after the acute inflammatory phase, macrophages function as beneficial scavengers of necrotic cell and brain tissue debris. 35 These macrophages also produce trophic factors that are involved in tissue repair and neural cell regeneration. Therefore, the timing and duration of immunomodulation and/ or lymphocyte trafficking blockade should be carefully selected, since they may also influence the distribution of other leukocyte subtypes and thus, alter the poststroke regeneration phase.
What can we learn from ongoing trials and new imaging developments?
The main question that remains unanswered to date is whether targeting T-cells improves neurological outcome in all ischemic stroke patients. Only clinical trials in small series of patients have been completed so far and large, randomized, controlled phase III trials are needed to draw a conclusion on this matter. A first answer will be given by the ''Effect of Natalizumab on Infarct Volume in Acute Ischemic Stroke'' (ACTION) completed trial, that investigated whether one 300 mg dose of IV natalizumab reduces change in infarct volume from baseline to day 5 on MRI in participants with acute ischemic stroke. The still recruiting ''Efficacy and Safety of FTY720 for Acute Stroke'' trial, that investigates the effect of fingolimod on stroke outcome using a randomized design, may also provide additional clues on whether T-cell-directed therapies are worth pursuing as ischemic stroke treatments. If positive, these clinical trials will also constitute strong arguments supporting the existence of an inflammatory penumbra in ischemic stroke.
However, to improve the benefit of such therapeutic strategies, adequate patient selection may be mandatory. Indeed, the way how the poststroke inflammation develops depends most probably on the patient natural history, the undertaken treatments and other, yet unknown, clinical and biological factors. Consequently, the intensity of the inflammatory reaction and the size of the inflammatory penumbra may vary considerably in patients, as it is the case in experimental stroke models in mice. As reperfusion therapy appears futile in patients without an ischemic penumbra on acute imaging, T-cell-targeted treatments may be inappropriate (and even dangerous) in patients without an inflammatory penumbra. Innovative imaging strategies, such as MPIO-aVCAM-1, should be developed to select the patients who will benefit the most from immunomodulatory therapies. Since currently used MPIO for preclinical studies are not biodegradable, a concerted effort between chemists, neuroscientists, and radiologists will probably be necessary to overcome the translational roadblock of molecular imaging. 26 Interestingly, the inflammatory penumbra concept may not be restricted to ischemic stroke but could also be considered in intracranial hemorrhage. Indeed, using MPIO-aVCAM-1 enhanced imaging, we demonstrated that an area of intense VCAM-1 overexpression is present around the hematoma in a collagenase-induced intracranial hemorrhage model in mice. 10 Moreover, fingolimod treatment has been shown to reduce lymphocyte infiltration in and around the hematoma in two murine experimental models of intracranial hemorrhage. 36 In a phase II clinical trial involving 23 patients presenting small-to moderate-sized deep primary supratentorial hemorrhage, the individuals that received fingolimod once daily for three consecutive days presented reduced perihematomal edema, attenuated neurologic deficits, and an improved recovery. 37 These findings warrant confirmation in a larger clinical trial.
Conclusion
The accumulating evidence from experimental and clinical studies supports the existence of an inflammatory area at risk surrounding the initial lesion in the subacute phase of ischemic stroke: the ''inflammatory penumbra.'' Unlike the mechanisms taking place in the ischemic penumbra at the acute phase, cellular death occurring in this inflammatory penumbra seems to be triggered by cytotoxic T-cells and occurs during the subacute stage of stroke. Numerous actors involved in T-cells trafficking and activity therefore appear as potential therapeutic targets to improve stroke outcome. Ongoing clinical trials of fingolimod and natalizumab in ischemic stroke patients, as well as innovations in molecular imaging of brain inflammation, will bring further and hopefully definitive answers to the existence and the nature of this inflammatory penumbra. 
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